We present a measurement of the branching fraction and time-dependent CP violation parameters in B 0 → a ± 1 (1260)π ∓ decays. The results are obtained from the final data sample containing 772 × 10 6 BB pairs collected at the Υ(4S) resonance with the Belle detector at the KEKB asymmetric-energy e + e − collider. We obtain the product branching fraction
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We present a measurement of the branching fraction and time-dependent CP violation parameters in B 0 → a ± 1 (1260)π ∓ decays. The results are obtained from the final data sample containing 772 × 10 6 BB pairs collected at the Υ(4S) resonance with the Belle detector at the KEKB asymmetric-energy e + e − collider. We obtain the product branching fraction B(B 0 → a ± 1 (1260)π ∓ ) × B(a ± 1 (1260) → π ± π ∓ π ± ) = (11.1 ± 1.0 (stat) ± 1.4 (syst)) × 10 −6 , and an upper limit on the product branching fraction for a possible decay with the same final state B(B 0 → a ± 2 (1320)π ∓ ) × B(a ± 2 (1320) → π ± π ∓ π ± ) < 2.2 × 10 −6 at 90% CL.
In a time-dependent measurement to extract CP asymmetries, we obtain the CP violation parameters A CP =−0.06 ± 0.05 (stat) ± 0.07 (syst), C CP =−0.01 ± 0.11 (stat) ± 0.09 (syst), S CP =−0.51 ± 0.14 (stat) ± 0.08 (syst), representing time and flavor integrated direct, flavor-dependent direct and mixing-induced CP violation, respectively. Simultaneously, we also extract the CP conserving parameters ∆C =+0.54 ± 0.11 (stat) ± 0.07 (syst), ∆S =−0.09 ± 0.14 (stat) ± 0.06 (syst), which, respectively, describe a rate difference and strong phase difference between the decay channels where the a ± 1 does not contain the spectator quark and those where it does. We find first evidence of mixing-induced CP violation in B 0 → a ± 1 (1260)π ∓ decays with 3.1σ significance. The rate where the a ± 1 does not contain the spectator quark from the B meson is found to dominate the rate where it does at the 4.1σ level. However, there is no evidence for either time-and flavorintegrated direct CP violation or flavor-dependent direct CP violation. 
I. INTRODUCTION
CP violation in the standard model arises from a complex phase in the CabibboKobayashi-Maskawa (CKM) quark-mixing matrix [1, 2] . Mixing-induced CP violation in the B sector has been clearly observed by the BaBar [3] and Belle [4] Collaborations in theb →ccs induced decay B 0 → J/ψK 0 S , while many other modes provide additional information on CP violating parameters.
Decays that proceed dominantly through theb →ūud transition are sensitive to the interior angle of the unitarity triangle φ 2 (α) ≡ arg(−V td V * tb )/(V ud V * ub ). The BaBar and Belle Collaborations have reported time-dependent CP asymmetries in these modes that include decays such as B 0 → π + π − [5, 6] , ρ ± π ∓ [7, 8] and ρ + ρ − [9, 10] . This paper describes the measurement of the branching fraction and time-dependent CP violation parameters of theb →ūud channel B 0 → a ± 1 π ∓ , shown in Fig. 1 . The left diagram shows the dominant first-order or tree process while the right diagram shows the leading second-order loop or penguin process. This analysis can be used to test the QCD factorization framework which has been used to predict the branching fraction and CP asymmetries of this decay channel [11] [12] [13] . Similar to ρ ± π ∓ , the state a ± 1 π ∓ is not a CP eigenstate; rather, it is a flavor non-specific state with four flavor-charge configurations that must be considered: B 0 (B 0 ) → a ± 1 π ∓ [14] . The combined information of the B flavor and a 1 charge allows the determination of additional information compared to CP eigenstates. It allows us to separate the cases where the d quark from the B meson, which does not participate in the interaction (spectator), becomes part of the a Tag , which decay at time t Rec and t Tag , respectively, is defined as ∆t ≡ t Rec − t Tag . For the case of coherent B 0B0 pairs, the time-dependent decay rate in the quasi-two-body approximation when B , is given by [14] P(∆t, q, c) = (1 + cA CP ) e −|∆t|/τ B 0
Here, τ B 0 is the B 0 lifetime and ∆m d is the mass difference between the two mass eigenstates of the neutral B meson. This assumes CP T invariance, no CP violation in the mixing, and that the decay rate difference between the two mass eigenstates is negligible. The parameter A CP measures time and flavor-integrated direct CP violation,
The parameter S CP measures mixing-induced CP violation, and C CP measures flavordependent direct CP violation. The quantity ∆C measures the rate asymmetry between the flavor-charge configurations where the a 1 does not contain the spectator quark (Γ[B 0 → a
, and where it does contain the spectator quark (Γ[B 0 → a
, while ∆S is related to the strong phase difference between these two processes, δ. These two parameters are not sensitive to CP violation. Sensitivity to φ 2 comes from this relation between four of the measured parameters,
A feature common to this channel and the otherb →ūud modes mentioned earlier is that an effective angle, φ eff 2 , is determined rather than φ 2 itself due to the possible presence of additional loop contributions. In the limit that only the dominant tree amplitude contributes, no flavor-dependent CP violation is expected and φ eff 2 ± = φ 2 . Fortunately, this inconvenience can be overcome with bounds on ∆φ 2 ≡ φ 2 − φ eff 2 determined using either an isospin analysis [15] or SU(3) flavor symmetry [14] .
From these parameters, φ eff 2 can be determined up to a four-fold ambiguity [14] ,
These results can also be transformed into more physically intuitive parameters that characterize direct CP violation in decays with particular topologies [16] ,
which describe CP violation involving diagrams where the a 1 contains and does not contain the spectator quark, respectively. The BaBar Collaboration has performed a branching fraction measurement of B 0 → a ± 1 π ∓ with 218 × 10 6 BB pairs [17] and a time-dependent CP violation measurement with 384 × 10 6 BB pairs [18] . These results are collected in Table I . From a subsequent study of [17, 18] .
B → K 1 (1270)π and B → K 1 (1400)π, the BaBar Collaboration has also obtained bounds on |∆φ 2 | using SU(3) flavor symmetry [19] . Two separate measurements are described in this paper. In Sec. II, we briefly describe the data set and Belle detector. The branching fraction measurement is described in Sec. III. There, we explain the selection criteria used to obtain signal candidates and suppress backgrounds followed by the fit method used to extract the signal component. After this, the results of the fit are presented along with a discussion of the systematic uncertainties. In Sec. IV, these same issues are described again for the time-dependent CP violation measurement followed by our conclusions in Sec. V.
II. DATA SET AND BELLE DETECTOR
This measurement of the branching fraction and time-dependent CP violation parameters in B 0 → a ± 1 π ∓ decays is based on the final data sample containing 772 × 10 6 BB pairs collected with the Belle detector at the KEKB asymmetric-energy e + e − (3.5 on 8 GeV) collider [20] . At the Υ(4S) resonance ( √ s = 10.58 GeV), the Lorentz boost of the produced BB pairs was βγ = 0.425 along the z direction, which is opposite the positron beam direction. The Belle detector is a large-solid-angle magnetic spectrometer that consists of a silicon vertex detector (SVD), a 50-layer central drift chamber (CDC), an array of aerogel threshold Cherenkov counters (ACC), a barrel-like arrangement of time-of-flight scintillation counters (TOF), and an electromagnetic calorimeter comprising of CsI(Tl) crystals (ECL) located inside a superconducting solenoid coil that provides a 1.5 T magnetic field. An iron fluxreturn located outside of the coil is instrumented to detect K 0 L mesons and to identify muons (KLM). The detector is described in detail elsewhere [21] . Two inner detector configurations were used. A 2.0 cm radius beampipe and a 3-layer silicon vertex detector (SVD1) was used for the first sample of 152 × 10 6 BB pairs, while a 1.5 cm radius beampipe, a 4-layer silicon detector (SVD2) and a small-cell inner drift chamber were used to record the remaining 620 × 10 6 BB pairs [22] . We use a GEANT-based Monte Carlo (MC) simulation to model the response of the detector and determine its acceptance [23] .
III. BRANCHING FRACTION MEASUREMENT

A. Event Selection
We reconstruct B 0 → a
The a ± 1 decay proceeds mainly through the ρ 0 π ± and f 0 (600)π ± intermediate states [24] . We assume that the ρ 0 π ± intermediate state gives the dominant contribution and treat the f 0 (600)π ± contribution separately in the systematic uncertainties. Thus, the signal MC events for establishing the selection criteria are generated as B 0 → a
The a ± 1 mass and width are taken to be m a 1 = 1.23 GeV/c 2 and Γ a 1 = 0.40 GeV/c 2 [24] . Charged tracks are identified using a loose requirement of distance of closest approach to the interaction point (IP) along the beam direction, |dz| < 4.0 cm, and in the transverse direction, dr < 0.4 cm. With information obtained from the CDC, ACC and TOF, particle identification (PID) is determined with the likelihood ratio
is the likelihood that the particle is of type i (j). A requirement of L K/π < 0.4 is placed on all charged pion candidates, which retains 91% of all pions from B 0 → a ± 1 π ∓ , but only 9% of kaons. To further suppress background from particle misidentification, vetoes are applied on particles consistent with the electron or proton hypotheses. Additional SVD requirements of two z hits and one r − φ hit [25] are imposed on the charged tracks so that a good quality vertex of the reconstructed B candidate can be determined.
The ) is the energy (momentum) of the B meson, all evaluated in the center-of-mass system (CMS). The B candidates that satisfy M bc > 5.27 GeV/c 2 and |∆E| < 0.1 GeV are selected for further analysis.
To reduce combinatorial background in forming the a ± 1 candidate, the cosine of the angle between the prompt pion from a ± 1 → ρ 0 π ± and the B candidate in the a ± 1 rest frame is required to be between −0.85 and +0.85. This distribution is roughly flat for signal while peaking at ±1 for combinatorial background. This selection retains 80% of signal events while rejecting 43% of the combinatorial background.
The dominant background in the reconstruction of B 0 Rec is from continuum (e + e − →where q = u, d, s, c) events. Since their topology tends to be jet-like, in contrast to the spherical BB decay, continuum events can be distinguished from BB events using eventshape variables, which we combine into a Fisher discriminant F bb/qq [26] . The BB training sample is taken from signal MC, while thetraining sample comes from data taken below the Υ(4S) resonance. The Fisher discriminant is then constructed from the following 8 variables:
• | cos θ TB,TO |, where the angle is between the B 0 Rec thrust direction and the thrust of the tag side. The thrust is defined as the vector which maximizes the sum of the longitudinal momenta of the particles. For a BB event, the pair is essentially at rest in the CMS, so the thrust axis of B 0 Rec is uncorrelated with the thrust axis of B 0 Tag . In aevent, the decay products lie in the two jets which are back-to-back, so the two thrust axes tend to be collinear. This variable provides the strongest discrimination against continuum.
• | cos θ B,z |, where the angle is between the B 0 Rec flight direction and the z direction. This is the second most important variable in discriminating against continuum. BB pairs are produced in a correlated state, for which this variable follows a sine squared distribution, whereas forevents, the distribution is uniform.
• | cos θ TB,z |, where the angle is between the B 0 Rec thrust direction and the z direction. This distribution is strongly influenced by detector acceptance at large values. As thrust and decay axes are related, this variable displays similar tendencies to the previously described variable.
• p
CMS t
, where the transverse CMS momentum sum runs over all particles on the tag side. The continuum distribution generally has a higher mean because its decay product multiplicity is lower compared to BB.
• L c,n 0 ≡ c,n p CMS c,n , where the CMS momentum sum runs over either the charged tracks (c) or neutral clusters (n) on the tag side. These distributions exhibit similar tendencies to the previous variable.
• L c,n
, where the CMS momentum sum runs over either the charged tracks (c) or neutral clusters (n) on the tag side. The angle is between the particle direction and the B 0 Rec thrust direction. In addition to the factors explained for the previous variable, the mean of the continuum distribution increases all the more due to higher values of cos θ p CMS c,n ,TB . For jet-like events like continuum, the momentum of a particle in B 0 Tag is closely aligned with its thrust, which itself is strongly correlated with the B 0 Rec thrust as explained for the first variable. The distributions for each of these discriminating variables are shown for simulated (MC) signal and continuum (data) events in Fig. 2 . Before training, a loose requirement of cos θ TB,TO < 0.9 is placed that retains 90% of the signal while rejecting 50% of the continuum background. The Fisher discriminant is also required to satisfy −3 < F bb/qq < 2.
The next largest background comes from charm (b → c) and charmless (b → u, d, s) decays of the B meson and is found to exhibit peaking structure in the signal region due to the reconstruction of particular channels with a four-track final state. Defining the decay chain
we apply vetoes to remove these peaking backgrounds as summarized in Table II. The background coming from b → uūd channels with the same final state as signal is studied separately. We consider a possible contribution from B 0 → a ± 2 π ∓ by constructing the helicity variable H 3π , defined as the cosine of the angle between the normal to the plane of the a 1 candidate and the flight direction of the bachelor pion from the B evaluated in the 3π rest frame.
On average, 1.6 B candidates are reconstructed per signal event. Selecting the best B candidate having the nearest M bc with respect to the nominal B meson mass, the correct B is chosen in 91% of cases where the event contains multiple candidates. The fraction of mis-reconstructed signal events in general is 17%. As this procedure introduces bias to the M bc distribution, this variable is excluded from the fit to extract the signal yield. The full selection used to define the event sample for the CP asymmetry measurement is also applied for the branching fraction determination. Since the B 
The vertex of reconstructed B candidates is determined from the charged daughters using the known IP. The IP profile is smeared in the plane perpendicular to z to account for the finite flight length of the B meson in this plane. To obtain the ∆t distribution, we reconstruct the tag side vertex from the tracks not used to reconstruct B 0 Rec [25] . The events must satisfy the requirements |∆t| < 70 ps and h Rec,Tag < 500, where h Rec,Tag is the multi-track vertex goodness-of-fit, calculated in three-dimensional space without using the interaction-region profile's constraint. To reduce the necessity of also modelling the eventdependent observables describing the variable ∆t resolution in the fit, the vertex uncertainty is required to be σ 
After these selection criteria, the MC detection efficiencies are found to be
where the uncertainty comes from limited MC statistics. Using independent data samples, we also determine correction factors to these efficiencies that account for the difference between data and MC. Correction factors in our reconstruction algorithm arise only from differences in PID and are determined from an inclusive
We employ the flavor tagging routine described in Ref. [27] . The tagging information is represented by two parameters, the B 0 Tag flavor q and the purity r. The parameter r is an event-by-event MC determined flavor-tagging parameter that ranges from r = 0 for no flavor discrimination to r = 1 for unambiguous flavor assignment. Due to a finite mistag probability w, the CP asymmetry is diluted by a factor 1 − 2w. The measure of the performance of the flavor tagging algorithm is the total effective tagging efficiency ǫ eff = ǫ Tag (1 − 2w) 2 , as the statistical significance of the CP parameters is proportional to (1 − 2w) √ ǫ Tag , where ǫ Tag is the raw tagging efficiency. These are determined to be ǫ eff = 0.284 ± 0.010 and ǫ eff = 0.301 ± 0.004 for SVD1 and SVD2 data, respectively.
B. Event Model
The branching fraction is extracted from a four-dimensional extended unbinned maximum likelihood fit to ∆E, F bb/qq , m 3π and H 3π from a data sample divided into 7 bins (l = 0..6) in the flavor-tag quality r and 2 SVD configurations s. We consider 12 categories in the event model: correctly reconstructed signal (referred to as truth signal hereafter), mis-reconstructed signal, continuum, charm neutral and charged BB decays, charmless neutral and charged BB decays, and five peaking backgrounds. In most categories, the linear correlations between fit variables are small, so the probability density function (PDF) for each category j, is taken as the product of individual PDFs for each variable P l,s
The truth model shape is determined from correctly reconstructed signal MC events. The PDF for ∆E is taken to be the sum of two asymmetric-width (bifurcated) Gaussians incorporating calibration factors that correct for the difference between data and MC. These factors calibrate the mean and width of the core bifurcated Gaussian and are determined from a large-statistics control sample
The PDF for F bb/qq here and throughout this analysis, for all 12 categories, is the sum of two bifurcated Gaussians in each flavor-tag bin l. The shape for all BB categories is fixed from the truth model except for the mean of the core distribution, incorporating calibration factors that correct for the shape difference between data and MC. The m 3π distribution is modelled with an efficiency-corrected relativistic Breit-Wigner
where ǫ s is the mass-dependent detection efficiency and Γ is the mass-dependent width
Due to the finite width of the ρ 0 , the phase space ρ 1+S of the a ± 1 decay, where the superscript represents the decay into a spin-1 meson in an S-wave configuration [28] , cannot be calculated simply. Therefore, we model the phase space empirically with a 6th order Chebyshev polynomial
where C i is a Chebyshev polynomial of order i and c i is the fit coefficient. The PDF for H 3π is a sum of symmetric Chebyshev polynomials up to 6th order.
The mis-reconstructed model shape is determined from incorrectly reconstructed signal MC events. For ∆E, the PDF is taken as a smoothed one-dimensional histogram, the m 3π PDF is the sum of two asymmetric-width Gaussians and the PDF for H 3π is the sum of symmetric Chebyshev polynomials up to 8th order.
The parameterization of the continuum model is chosen based on data taken below the Υ(4S) resonance; however, all the shape parameters are free in the fit to extract the branching fraction. Since continuum is by far the dominant component, extra care must be taken to ensure this background shape is understood, so correlations above 2% are considered. The PDF for ∆E is taken to be a 1st order Chebyshev polynomial in each flavor-tag bin with a coefficient depending linearly on F bb/qq
The m 3π shape is observed to shift quadratically with F bb/qq , so the PDF is a sum of Chebyshev polynomial up to 4th order that incorporates an offset. In addition, a small excess is seen above this distribution and is modelled with a Gaussian. The result is 
The PDF for H 3π is the sum of symmetric Chebyshev polynomials up to 6th order and a mirrored Gaussian
The charm BB background shape is determined from a large sample of MC containing generic b → c transitions and is subdivided into neutral and charged B samples. For ∆E, the PDF is a smoothed one-dimensional histogram; for m 3π , the PDF is the sum of Chebyshev polynomials up to 4th order; for H 3π , the PDF is the sum of symmetric Chebyshev polynomials up to 6th order plus a mirrored Gaussian.
The charmless BB background shape is determined from a large sample of MC containing generic b → u, d, s transitions and is subdivided into neutral and charged B samples. A sizeable correlation is seen between ∆E and m 3π and is taken into account with a smoothed two-dimensional histogram. The H 3π PDF is the sum of symmetric Chebyshev polynomials up to 6th order with a mirrored Gaussian.
Many decay channels contain the same final state as B 0 → a ± 1 π ∓ . In addition to the possibility of B 0 → a ± 2 π ∓ , we also consider those listed in Table III which includes their expected yields in 772 × 10 6 BB pairs. With the exception of B 0 → a ± 2 π ∓ , the assumed peaking background branching fractions are fixed in the nominal fit from the Heavy Flavor Averaging Group [29] . Where a mode is to be included in the fit model but only an upper limit is known, the branching fraction is taken as half the upper limit unless the mode contains an f 0 , in which case it is assigned zero branching fraction and instead considered solely in the systematic uncertainties. The peaking background shapes are determined from individually generated MC samples and are fixed in the fit to data. The PDF for ∆E borrows the shape of correctly reconstructed signal events and includes a 1st order Chebyshev polynomial to model the mis-reconstructed contribution underneath. The m 3π PDF depends on the peaking background. For B 0 → a ± 2 π ∓ , a sum of three Gaussians is used; for B 0 → ρ 0 ρ 0 and b ± 1 π ∓ , a smoothed histogram is used; otherwise, the sum of Chebyshev polynomials up to 4th order is used. The H 3π PDF is the sum of symmetric Chebyshev polynomials up to 8th order, except for B 0 → ρ 0 ρ 0 , which is modelled with a smoothed symmetrized onedimensional histogram. The total likelihood for 208238 B 0 → a
which iterates over i events, j categories, l flavor-tag bins and s detector configurations. Instead of two free signal yields N s Sig , the branching fraction is chosen as a single free parameter and is incorporated into the fit with
where ǫ ; the remaining yields are fixed to the values given in Table IV as determined from MC. In total, there are 121 free parameters in the fit. In addition, all shape parameters of the continuum model are free in the fit to data.
C. Fit Result
We perform a fit to the data, with the projections shown in Fig. 3 , and obtain the product branching fractions
corresponding to a yield of 1445 ± 216 events, and
corresponding to a yield of 282 ± 106 events. The statistical correlation coefficient between these two measurements is −0.41 and the statistical significance of the a Γ a 1 = 381 ± 43 (stat) MeV. From this fit, the relative contributions of each component are 0.8% signal, 95.6% continuum, 3.3% BB background and 0.3% peaking background.
Our measurement of the B 0 → a ± 1 π ∓ branching fraction is lower than that measured by the BaBar Collaboration [17] by 1.9σ though still in marginal agreement. We are also in agreement with predictions made in the QCD factorization framework given in Refs. [11, 12] , but not Ref. [13] . The upper limit of the branching fraction of B 0 → a ± 2 π ∓ is also determined to be
which is improved over the current world average [24] by about two orders of magnitude.
D. Systematic Uncertainties
Systematic errors from various sources are considered and estimated with independent internal studies and cross-checks. These are summarized in Table V . This includes the uncertainty on the number of produced BB events in the data sample. Contributions to the uncertainty in the selection efficiency due to particle identification and tracking are calculated by independent studies at Belle. The systematic uncertainty arising from the assumption that the a ± 1 decays exclusively through the dominant ρ 0 π ± intermediate state is accounted for by recalculating the detection efficiency with an exclusive f 0 (600)π ± MC. The uncertainty in the a ± 1 shape is determined by varying the fixed mass within its world average uncertainty [24] . We account for a difference in the fraction of mis-reconstructed signal events between data and MC by varying this parameter by ±5% and repeating the fit. Variations in the parametric model shape due to limited statistics are accounted for by varying each parameter within their errors. The dominant contribution to this category comes from the uncertainties in the signal shape correction factors obtained from analysing a high-statistics control sample
Uncertainties in the non-parametric shapes are obtained by varying the contents of the histogram bins within ±1σ. The systematic uncertainty due to fixing the peaking background yields is estimated by varying the branching fraction by its world average error [24] and repeating the fit. For modes where only an upper limit is known, the variation is taken as half of the upper limit. The fit bias is determined from pseudo-experiments by searching for a difference between the generated and fitted physics parameters. As channels containing an f 0 are ignored in the nominal model, we account for a possible effect on the signal yield by embedding such events into these pseudo-experiments and determining further bias on the a 1 π and a 2 π branching fractions. Finally, the uncertainty from neglecting interference between a 1 and a 2 was estimated by constructing a 4-body amplitude including detector effects and generating three relative interference configurations between a 1 and a 2 : maximum constructive interference, no interference and maximal destructive interference. The largest deviation from the sample with no interference when fitting all with the nominal model gives the systematic uncertainty from interference. 
IV. TIME-DEPENDENT MEASUREMENT A. Event Selection
In addition to the event selection criteria for the branching fraction measurement, events are selected for the time-dependent CP violation measurement if they satisfy |∆E| < 0.04 GeV. This requirement retains 97% of signal and 90% of peaking backgrounds, while rejecting 60% of the continuum background and 63% of the BB background. After this selection, the relative contributions of each component are 1.9% signal, 94.2% continuum, 3.1% BB background and 0.8% peaking background.
B. Event Model
The signal PDF is given by
which accounts for CP dilution from the probability of incorrect flavor tagging w l,s and the wrong tag difference ∆w l,s between B 0 andB 0 , both of which are determined from flavor specific control samples [27] . This PDF is convolved with the ∆t resolution function for neutral B particles R s B 0B0 , described in Ref. [25] . The reconstructed vertex position of mis-reconstructed events is dominated by the high momentum bachelor pion from B 0 → a
This pion is rarely mis-reconstructed, and the effect of borrowing a lower momentum track from the tag-side results in a slightly smaller lifetime. Thus, mis-reconstructed events are modelled using the truth model PDF with an effective lifetime and share CP parameters with the truth model. The effective lifetime is determined from mis-reconstructed signal MC events and the effect of this choice is accounted for in the systematic uncertainties.
The continuum shape is determined from data taken below the Υ(4S) resonance with the model
This model contains a lifetime and prompt component to account for the charm and charmless contributions, respectively, and is convolved with a sum of two Gaussians
which uses the event-dependent ∆t error constructed from the vertex resolution σ ≡ ( σ
Tag )/βγc as a scale factor. We also account for an asymmetry in the product qc, with the parameter ∆C, which is due to the jet-like topology of continuum. As a high momentum π
Rec is correlated with a high momentum π − (π + ) on the tag-side, q and c will more often have the same sign.
The BB shape is determined from a large MC sample and is divided into generic charmed and charmless, each further divided into neutral and charged BB decays, using a lifetime model
where R BB is relevant ∆t resolution function for either neutral or charged B particles. Since reconstructed BB events may borrow a particle from the tag side, the average ∆t lifetime tends to be smaller and is taken into account with the effective lifetime, τ BB . Like continuum, BB events also exhibit a qc asymmetry; however, it is found to be more complex and is modelled with a 1st order polynomial in ∆t
The shapes of the peaking backgrounds are determined from individually generated MC events. As these backgrounds may exhibit CP violation, we use a model similar to the truth model, but with an effective lifetime. We also fix all time-dependent parameters to null with the effects of this choice reflected in the systematic uncertainties.
To account for the broad underlying ∆t events not yet described by either signal or background PDFs, a broad Gaussian outlier PDF is introduced
The total likelihood for 83799 B 0 → a where f l,s j is the event-dependent probability of component j, in flavor-tag bin l, with de-
constructed from the branching fraction measurement. Only the 5 time-dependent coefficients of the truth model are free in the fit to data.
As a consistency check, we perform a fit to data to measure the B 0 lifetime while fixing the 5 parameters of the truth model to zero. We obtain τ B 0 = 1.389 ± 0.085 ps, which is in agreement with the current world average τ B 0 = 1.519 ± 0.007 ps [24] .
C. Fit Result
We perform a fit to the data and obtain the CP violating parameters A CP = −0.06 ± 0.05 (stat) ± 0.07 (syst), C CP = −0.01 ± 0.11 (stat) ± 0.09 (syst), S CP = −0.51 ± 0.14 (stat) ± 0.08 (syst), (28) and the CP conserving parameters ∆C = +0.54 ± 0.11 (stat) ± 0.07 (syst), ∆S = −0.09 ± 0.14 (stat) ± 0.06 (syst).
The background subtracted fit results are shown in Fig. 4 , where the data points are the signal yields obtained by repeating the branching fraction fits in ∆t, q or ∆t, qc bins, accounting for the selection criteria on ∆E. Ours are the most precise measurements of these parameters to date and are in agreement with those obtained by the BaBar Collaboration [18] . We are also in very good agreement with the theoretical predictions made in Ref. [11] . The statistical correlation coefficients between the obtained parameters are given in Table VI. A MC technique is employed to obtain φ eff 2 using Eq. 4 in order to take correlations between the fitted parameters into account. We generate multiple vectors (C CP , ∆C, S CP , ∆S) based on a correlated multi-dimensional Gaussian constructed from the fit result and solve for the four solutions of φ from the resulting distributions of φ eff 2 and obtain the four solutions
Using a similar technique, we obtain the direct CP violation parameters given in Eq. 5
A +− = +0.07 ± 0.08 (stat) ± 0.10 (syst),
where the statistical correlation coefficient between these two parameters is 0.61. We compose Gaussian distributions from the four solutions for φ eff 2 and construct a twosided p-value plot for φ eff 2 as shown in Fig. 5 . We also perform a likelihood scan to estimate the significance of S CP and ∆C as shown in Fig. 6 . The significance of mixing-induced CP violation is found to be 3.1σ including systematic uncertainties while the rate where the a
does not contain the spectator quark is found to dominate the rate where it does at the 4.1σ level.
D. Systematic Uncertainties
The systematic uncertainties for the time-dependent parameters are summarized in Table VII. These are estimated from various sources including uncertainties in the IP profile, charged track selection based on track helix errors, helix parameter corrections, ∆t and vertex goodness-of-fit selection, ∆z bias and SVD misalignment. The fixed physics parameters τ B 0 and ∆m d , ∆t resolution function and data model shape parameters including background effective lifetimes and qc asymmetries, as well as the flavor tagging performance parameters w and ∆w, are varied by ±1σ. We generate MC pseudo-experiments and perform an en-semble test to obtain systematic biases from interference on the tag-side arising between the CKM favored bd → (cūd)d and doubly-CKM-suppressedbd → (ūcd)d amplitudes in final states used for flavor tagging [30] . These sources should not affect A CP , as this parameter represents a time and flavor-integrated asymmetry.
The remaining systematic categories affect all time-dependent parameters. The parameters and non-parametric shapes describing signal probability are varied in the same way as for the branching fraction measurement. The CP violation parameters of mis-reconstructed events are assumed to be the same as signal. To account for this, a sample of GEANT MC is produced with the nominal fit result. The systematic error is taken as the difference between the fit result to the correctly reconstructed subsample and a fit to the whole sample sharing the CP parameters between the signal and mis-reconstructed components. The fit bias is determined from an ensemble test by searching for a difference between the generated and fitted physics parameters.
Possible CP violation in the background is the dominant systematic uncertainty. We assume that the neutral BB background possesses a 20% CP violating component and that peaking backgrounds display a 50% CP violating effect. For the neutral BB component, the uncertainty is determined by fixing the CP parameters and refitting the data. For the peaking backgrounds, special GEANT MC samples are produced with the nominal fit result for signal and CP violation generated in the peaking background. We perform a fit with the peaking background CP parameters fixed to null asymmetry and compare this with a fit where they are fixed to the generated values.
To estimate the effects of interference on the signal probability, we employ the same 4-body amplitude generator described in the branching fraction measurement. MC samples are generated with the nominal fit result with the three phase configurations: maximum constructive interference, no interference and maximal destructive interference. Firstly, signal probability is predetermined for all three samples by fitting for the branching fractions of the a 1 π and a 2 π components assuming no interference in the fit model. Finally, a timedependent fit is performed to the three phase configurations and the systematic error taken as the maximum deviation from the sample with no generated interference.
V. CONCLUSION
We have presented a measurement of the product branching fraction and time-dependent parameters in B 0 → a ± 1 (1260)π ∓ decays, which are in agreement with measurements performed by the BaBar Collaboration [17, 18] . We obtain the product branching fraction 
This upper limit is an improvement over the current world's most restrictive limit by about two orders of magnitude. In a time-dependent measurement to extract CP asymmetries, we obtain the CP violation parameters A CP = −0.06 ± 0.05 (stat) ± 0.07 (syst), C CP = −0.01 ± 0.11 (stat) ± 0.09 (syst), S CP = −0.51 ± 0.14 (stat) ± 0.08 (syst),
representing time and flavor integrated direct, flavor-dependent direct and mixing-induced CP violation, respectively. Simultaneously, we also extract the CP conserving parameters ∆C = +0.54 ± 0.11 (stat) ± 0.07 (syst), ∆S = −0.09 ± 0.14 (stat) ± 0.06 (syst),
which, respectively, describe a rate difference and strong phase difference between the decay channels where the a ± 1 does not contain the spectator quark and those where it does. We find first evidence of mixing-induced CP violation in B 0 → a ± 1 (1260)π ∓ decays with 3.1σ significance and the rate where the a ± 1 does not contain the spectator quark is found to dominate the rate where it does at the 4.1σ level. However, there is no evidence for either time and flavor integrated direct CP violation or flavor-dependent direct CP violation. Our results are in good agreement with theoretical predictions given within the QCD factorization framework [11, 12] and may be used in an either an isospin analysis [15] or SU(3) flavor symmetry [14] to extract φ 2 .
